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Objectives: The original objective of this program is to fabricate, characterize and study self 
assembled semiconductor quantum dots and wires for spin-based all optical and electronic 
quantum computing.  
 
Result of effort: The main advances are listed below: 
 

Organics as qubit hosts:  
 
The important figure of merit for quantum dots acting as hosts for spin based qubits is the 
spin relaxation time – both longitudinal and transverse relaxation times T1 and T2.  
 
T1 time: During the tenure of this project, we showed that the π-conjugated organic tris (8-
hydroxy-quinolinolato aluminum) also known as Alq3, has an exceptionally long spin 
relaxation time T1 exceeding 1 second at a temperature of 100 K [1]. This is the longest T1 
time reported in any nanostructured system to date. Fig 1 shows a cross-section TEM of a 
nanowire spin valve structure with an organic quantum dot in the middle that was used to 
measure this time and Fig. 2 shows the measured spin diffusion length and longitudinal spin 
relaxation time (T1) as a function of temperature. This result establishes organic 
semiconductors as excellent platforms for spin based computing. 
 

 
 

 
Fig. 1: A cross-section TEM of a nanowire organic spin valve with an organic (Alq3) 
quantum dot of dimension 26 nm × 15 nm in the middle. This, and similar structures, were 
used to measure the T1 time in the organic from spin valve measurements. The inset shows 
the measured current voltage characteristic of the spin valve at different temperatures. 
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Fig. 2: The measured spin diffusion length (extracted from the spin valve peaks) and the spin 
relaxation time T1 in Alq3 “quantum dot” as a function of temperature. 
 
T2 time: We captured few molecules of Alq3 in “nanocracks” formed in anodized alumina 
films produced by anodizing Al in sulfuric acid. These cracks are 2-3 nm in diameter and 
since the Alq3 molecule has a dimension of 0.8 nm, we can at most house 2-3 molecules in a 
nanocrack. Fig. 3 shows a high resolution FE-SEM micrograph showing a nanocrack. 
Capturing the molecules selectively in nanocracks involves a procedure that requires 
absorbing the molecules in pores followed by thorough rinsing in dichloro-ethane to remove 
the molecules from everywhere except the nanocracks. 
 
We measured the transverse relaxation time T2 in both bulk Alq3 and few-molecule 
ensembles captured in the nanocracks using electron spin resonance spectroscopy (ESR) at 
various temperatures. A representative ESR spectrum is shown in Fig. 4. From the measured 
linewidth, which is nearly Lorentzian, we can estimate the T2 time. 
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Fig. 3: Medium high resolution cross section FE-SEM micrograph of a nanocrack formed in 
porous alumina membranes. 

 
Fig. 4: ESR spectra of blank alumina, bulk Alq3 powder and few-molecules of Alq3 captured in 
nanocracks 

Pore 
Alumina 

Nanocrack 
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Fig. 5: Measured T2 time (dephasing time) associated with delocalized spins in Alq3. The 
dephasing time is relatively temperature independent. The few-molecule ensemble has a 
slightly higher T2 time than the bulk sample.  
 

 
Fig. 6: Measured T2 time (dephasing time) associated with localized spins localized at 
impurity sites in Alq3. The dephasing time is temperature dependent. The few-molecule 
ensemble has a much higher T2 time than the bulk sample.  
 

Few molecules 

Bulk 

Few molecules 

Bulk 
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We found that Alq3 has two T2 times – one associated with delocalized spins and the other 
with localized spins [2]. For the former, the primary dephasing mechanism is spin-spin 
interaction (which is why it is temperature independent) and for the latter, it is obviously 
spin-phonon interaction (which is why it is temperature dependent). We made several 
important observations: 

1. The T2 time associated with delocalized spins is long enough to satisfy the Knill 
criterion for fault-tolerant quantum computing [3]. 

2. The fact that the few molecule ensemble has a much higher T2 time than bulk in the 
case of localized spins which diphase through spin-phonon interaction is a strong 
evident for the phonon bottleneck effect in organic molecules. If true, this is the first 
evidence of the phonon bottleneck effect in organic molecules. 

 
These observations have been reported in ref. [4]. 
 
 
Spin transport in organics 
 
Spin transport in organic spin valves has some peculiarities that are not found in the case of 
inorganics. Consider the case of a spin valve made from Co, organic and Ni. Both Co and Ni 
have negative spin polarizations at the Fermi energy, meaning that the density of states of 
minority spins is actually higher at the Fermi energy than that of majority spins. The minority 
spins are carried by d-electrons while the majority spins are carried by s-electrons. At the Fermi 
level, the s- and d-electrons have opposite spins. Even though the d-electrons are more numerous 
at the Fermi energy (because of the higher density of states), they have heavier tunneling mass 
and are hence slower than the s-electrons. Therefore, we can selectively inject either s-electrons 
(with majority spins) or d-electrons (with minority spins) from the Co contact into an organic, 
provided we have a Schottky barrier of variable width at the interface. If the barrier is thin, then 
the more numerous d-electrons are preferentially injected, while if the barrier is thick, then the 
faster s-electrons are preferentially injected. 
 
The transmission probability of s-electrons into the Ni contact is smaller than that of d-electrons 
since that latter have a higher density of states at the Fermi energy in Ni. Therefore, if we inject 
s-electrons from Co, then the resistance is higher when both contacts are magnetized parallel to 
each other compared to the situation when the contacts are magnetized anti-parallel to each 
other. If we inject d-electrons, then the situation is opposite. Therefore, if we carry out a spin 
valve experiment where we measure the magnetoresistance of a Co-organic-Ni structure, we 
expect to see a resistance peak between the coercive fields of Co and Ni if we inject d-electrons 
from Co. On the other hand, if we inject s-electrons, then we expect to see a resistance trough. 
Thus, depending on the width of the Schottky barrier at the interface, we will either see a peak 
(normal spin valve effect) or a trough (inverse spin valve effect). 
 
We measured 90 samples where the Schottky barrier width (determined by interface states) 
varied randomly. As expected, we saw both resistance peaks and troughs. These data are shown 
in Fig. 7.  
The insets of Figure 6 show the magnetoresistance traces for the highest normal and inverse spin 
valve signals that we have measured among all samples tested. In every sample, the spin valve 
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peak always occurs between the coercive fields of Ni nanowires (~800 Oe) and Co nanowires 
(~1800 Oe), as expected. Surprisingly, we found that the coercive fields do not vary significantly 
from sample to sample indicating that the variation of coercive fields between different 
nanowires, and therefore different samples, is extremely small. The magnetoresistances of the 
devices exhibiting the inverse spin valve effect typically saturate at low fields (0.2 Tesla in the 
figure shown), but those of devices exhibiting the normal spin valve effect tend to saturate at 
much higher fields.  

 

    
 
Fig. 7: Histogram showing the distribution of spin valve signal strength collected over 90 
samples. Some of these samples show a positive spin valve signal and the rest a negative spin 
valve signal. All of these data were collected at a bias current of 10 μA rms. The insets show 
the magnetoresistance traces for two samples showing the inverse and the normal spin valve 
effect. 
 
Figure 8 shows the magnetoresistance traces of a sample exhibiting a negative spin valve 
signal at four different temperatures. The bias current is kept constant at 10 μA rms. The spin 
valve signal decreases with increasing temperature indicating that the spin diffusion length in 
the organic decreases with increasing temperature.  



 8

 
Fig. 8: Inverse spin valve effect and background negative magnetoresistance in Ni-Alq3-
Co nanowires at four different bias values and fixed temperature (1.9 K). 

 
Figure 9 shows the bias current dependence of the negative spin valve signal in a typical sample 
at a constant temperature of 1.9 K. As the bias current is increased, the spin valve signal decays 
rapidly and at 200 μA rms, no signal is measurable with our apparatus. This happens because 
with increased bias current, there is increased carrier scattering which leads to more rapid spin 
relaxation and a shorter spin diffusion length. The spin valve signal has an inverse exponential 
dependence on the ratio of the device length to the spin diffusion length. As the latter decreases, 
the spin valve signal becomes increasingly smaller, and ultimately imperceptible. The high 
current however does not destroy the sample irreversibly. As the current is decreased, the spin 
valve signal is recovered. 
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Fig. 9: Inverse spin valve effect and background negative magnetoresistance in Ni-Alq3-
Co nanowires at four different bias values and fixed temperature (1.9 K). 
 

Figure 8 also shows that there is a background monotonic magnetoresistance δR (|B|) 
accompanying the spin valve signal and its sign is negative (R(|B|) < R(0)). We found 
consistently that whenever the spin valve signal is negative, the background magnetoresistance is 
also negative, and whenever the spin valve signal is positive, the background magnetoresistance 
is positive (see the insets of Figure 1). The background magnetoresistance has very little 
sensitivity to temperature (Figure 8), but it is extremely sensitive to bias, as can be seen in Figure 
9. It disappears at a bias current of 200 μA.  
 

Based on the above observations, we have formulated an explanation as to why a peak is 
accompanied by a positive background magnetoresistance and a trough is accompanied by a 
negative background magnetoresistance. At any magnetic field, except between the coercive 
fields of the two ferromagnets, the magnetizations of the injecting and detecting contacts are 
parallel. Now consider the case when the spin valve peak is positive (normal spin valve effect), 
meaning that the Schottky barrier at the Co/organic interface is narrow and we are injecting 
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primarily d-electrons. In this case, an injected carrier will transmit easily into Ni and contribute 
to current if its spin does not flip within the spacer layer. In the presence of spin orbit interaction, 
a magnetic field will increase the spin flip rate by inducing spin mixing. Thus, the probability of 
spin flipping increases with increasing magnetic field. If the injected carrier’s spin flips, then it 
will be blocked by the detecting contact which has a larger density of states for d-electrons at the 
Fermi level and the current will decrease resulting in an increase in resistance. Thus, the 
resistance should increase with increasing magnetic field, resulting in a positive background 
monotonic resistance. This is what we observe. 

 
In the case of negative spin valve signal (inverse spin valve effect), we are injecting s-electrons 
which have opposite spins as the d-electrons. In this case, spin flipping within the spacer layer 
will allow the flipped spin to transmit through the detector contact since the flipped spins have 
the same polarization as the d-electrons at the Fermi energy in Ni. Thus, spin flip events increase 
the current through the device and decrease the device resistance, instead of increasing it. Since a 
magnetic field increases the spin flip rate, the resistance will decrease with increasing magnetic 
field, resulting in a negative monotonic background resistance. Again, this is exactly what we 
observe. 

 
Implications of these results for spin based quantum computing  

The above result has serious implications for spin based quantum computing. It establishes that 
magnetic fields are extremely harmful since they reduce spin relaxation times. Most proposals 
for quantum computing advocate the use of strong magnetic fields for qubit initialization. Such 
magnetic fields can flip the spin and introduce high error rates. Thus, the use of a magnetic field 
in quantum gates can be counter-productive. 

 
In contrast, our proposal for spintronic quantum gates [Phys. Rev. B, 61, 13801 (2000)] 
advocated the use of electrical spin control exercised via the Rashba interaction. Although the 
Rashba interaction can also cause some spin dephasing, it is not as disruptive as a magnetic field, 
particularly if organics are used as qubit hosts.  

 
 

InAs dots for spintronics 
 

InAs is a narrow gap semiconductor with a large g-factor (-15) and strong Rashba interaction. 
The large g-factor makes it possible to obtain large Zeeman splittings at relatively small 
magnetic fields. The strong Rashba interaction allows qubit rotations using moderate electric 
field strengths. 
 
We have demonstrated the growth of InAs quantum dots (QDs) on straind GaAs. We used 
molecular beam epitaxy (MBE). 

 
InAs Quantum Dots Growth on GaAs Substrate: 
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Fig. 10: RHEED pattern 
with beam in the [110] 
direction (a) 2×4 surface 
at the start of InAs (2D) 
growth, (b) spotty 
RHEED pattern after 
InAs-QDs (3D) growth. 

Δz=10 nm

Δz=10 nm

a)

b)

Δz=10 nm

Δz=10 nm

a)

b)

 
 
Fig. 11:  1×1μm2 

AFM images of QDs 
grown on GaAs at 510 
ºC (a) without, and (b) 
with 5.0 nm 
In0.15Ga0.85As layer. 

 
In the In(Ga)As/GaAs system QDs are grown in the Stranski-Krastnov 
(SK) mode. In this mode the mismatch between GaAs and In(Ga)As is 
initially accommodated by the compression of the initial InAs layer 
(wetting layer) preserving 2D growth. Since the lattice constant of 
InAs is greater than that of GaAs, the increase in the thickness of this 
layer results in an increase in the strain energy which makes 
development of heteroepitaxial islands [three dimensional (3D) 
growth] more favorable than 2D layer-by-layer growth. If one stops 
further growth of InAs at the time when transition from 2D growth to 
3D growth takes place one obtains well defined partially strain-free 
and dislocation-free islands (QDs). We employed reflection high 
energy electron diffraction (RHEED) in our MBE system to track the 
changes from 2D growth to 3D growth. Figure 10 shows the changes 
in the RHEED pattern during InAs growth. Figure 11 (a) corresponds 
to 2D InAs growth whereas Fig. 11 (b) correspond to 3D growth of 

InAs, which indicates the formation of QDs. 
 

The density and the size of the QDs are usually controlled by 
controlling the growth rates and InAs coverage. These parameters 
can also be controlled by growth temperature. High density and 
smaller size InAs QDs are obtained at lower temperatures. Another 
factor that plays an important role in QDs growth is the strain field, 
which causes the transition from 2D to 3D at a critical coverage of 
InAs. In some studies the QDs have been grown on strain field 
engineered GaAs or AlGaAs at a fixed substrate temperature. The 
effect of substrate temperature on the growth of QDs grown on 
strained GaAs has so far not been sufficiently studied. 

 
We study the growth of InAs QDs on GaAs at different substrate 
temperatures with altered strain field in GaAs. The strain field was 
changed by introducing a 5.0 nm In0.15Ga0.85As layer between  a 
GaAs buffer layer (1.0μm) and a thin GaAs layer (2.0 nm) on which 
the InAs QDs were grown.  As a result, QD density has been shown 
to be strongly dependent on temperature. This temperature 
dependence manifests itself by an increase in QD density at the rate 
of 9.0×108 cm-2 per ºC decrease in temperature. Whereas the QD 
density directly grown on the GaAs decrease at the rate of 6.7×107 
cm-2 per ºC. The higher density QDs with smaller size (~3 nm 
height) are obtained by decreasing temperature and keeping growth 
rate and coverage constant. The growth of smaller quantum dots is 
favorable for vertical coupling (entanglement) of the quantum dots. 
Figure 11 shows the AFM images of the QDs grown at 510 ºC on 
GaAs substrate without [Fig. 11 (a)] and with [Fig. 11 (b)] an 
In0.15Ga0.85As layer. 

 a) 

b) 
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The AFM images of the samples grown with the In0.15Ga0.85As layer at substrate 

temperatures of  510 ºC, 485 ºC, and 465 ºC  are shown in Fig. 12 a), b), and c) respectively. 
These images depict the effect of substrate temperature on the growth of QDs on the strain 
modified GaAs layer.  The average densities of the QDs were 2.3×1010 cm-1, 4.0×1010 cm-1, 
and 6.6×1010 cm-1 when the growth temperatures of 510 ºC, 485 ºC, and 465 ºC were used, 
respectively. The QDs base to height aspect ratio decreased with the increase in the QDs 
growth temperature. Flatter and smaller QDs are obtained at lower growth temperatures. 
These smaller dots can be stacked with lower spacing between the QDs, which is required for 
the entanglement of the QDs wavefunctions.  The amount of InAs (calculated from the dot’s 
density and the base length) is 6.5±0.5×10-5 grams per μm2

 for all cases, which is expected 
from the same transition time from 2D growth to 3D growth. Thus, we kept the InAs 
coverage constant in our study. 

 
To measure the photoluminescence (PL) of InAs QDs we embedded the InAs quantum 

dots in the GaAs matrix. In Fig. 13, PL indicated by Sample B, Sample C, and Samples D 
correspond to QD images presented in Fig. 12 a, b, and c, respectively. The PL indicated by 
Sample A is corresponds to QD image presented in Fig. 6 a. As expected with a decrease in 
the size of the QDs the PL energy is increased due to increased confinement.  For smaller 
QDs, the confinement in the GaAs matrix increases the energy of the conduction and 
decreases the energy of the valence band. Thus the difference in the energy which appears in 
the PL is higher for smaller QDs. We also observed that as the growth temperature of the 
QDs decreases the width of the PL energy also decreases. We correlate this observation with 
the reduction in the size distribution of the QDs. This size distribution is larger for larger 
quantum dots as compared to the smaller QDs. Since the laser excitation samples an  

 
 

area larger than 1μm, this size distribution appears in the PL line width. 
This line width can be reduced by different techniques which limit the excitation source to a 
lower number of QDs.  
 

 
a)

b)

c)

Δz=10 nm

Δz= 8 nm

Δz= 8 nm

a)

b)

c)

Δz=10 nm

Δz= 8 nm

Δz= 8 nm

Fig. 13;  PL from InAs QDs 
in the GaAs matrix grown (a) 
without an AlGaAs layer at 
510 ºC, (b) with an 
I0.15Ga0.85As layer at 510 ºC, 
(c) with an I0.15Ga0.85As layer 
at 485 ºC, and (d) with an 
I0.15Ga0.85As layer at 465 ºC. 
 

 

Fig. 12  1×1 
μm2 AFM images 
of QDs grown on 
GaAs with an 
In0.15Ga0.85As layer 
at (a) 510 ºC, (b) 
485 ºC, and (c) 
465 ºC. 
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Conclusion: 
 

We successfully investigated the effect of temperature on the growth of InAs QDs grown on the 
stain modified GaAs layer. We observed that the QD grown with InGaAs layer have higher 
density and smaller size than the QD grown directly on the GaAs. Using this method we can 
grow smaller and flatter QDs which are favorable for vertical stacking with separation < 8nm 
which is required for entanglement of QDs states. The entanglement of the state is the basic 
requirement for realization of quantum computation. 
 

 
ZnO nanostructures as possible qubit hosts. 

 
ZnO has a wide gap and weak spin orbit interaction which makes it an attractive material host for 
spin based qubits. Research was carried out in the realm of both ZnO growth and self assembly 
of ZnO nanostructures. 

 
 

ZnO Nanorods on Different Substrates: 

We have studied the growth and properties of ZnO nanorods on Si, GaN/Sapphire and bulk ZnO.  
ZnO nanorods were grown by catalyst-assisted vapor phase transport on Si(001), GaN(0001)/c-
Al2O3, and bulk ZnO(0001). A mixture of ZnO and C powder was used as the material source 
and placed in the high temperature zone of a horizontal furnace. The substrates were located 
downstream of an Ar carrier gas in a lower temperature zone, and the growth temperature was 
600-650 ºC. Continuous and patterned gold films 2 to 5 nm thick served as a catalyst. The 
localized conductive behavior, morphology, and optical properties were studied by using 
conductive atomic force microscopy (C-AFM), secondary electron microscopy 
(SEM)/transmission electron microscopy (TEM), and photoluminescence (PL) respectively. 
 

 

(a) (b)(a) (a) (b)(b)
 

Different morphologies were obtained for structures grown on different substrates. Nanorods of 
about 50 nm in diameter are vertically aligned on ZnO and GaN (along the c-axis of substrate), 
while they show large diameters (70-100 nm) and random orientation on Si(001). SEM images 
of ZnO nanorods grown on Si(001) and GaN(0001)/Al2O3 substrates are shown in Fig. 9. The 
morphology of ZnO nanorods grown on ZnO substrates is very similar to that of the rods grown 
on GaN. High-resolution TEM images (see Fig. 10) also show that ZnO nanocrystals nucleate on 

 
Fig. 9 SEM images of ZnO nanorods grown on (a) Si(001) and b) GaN/Al2O3 substrates. 
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Si(001) with c-axes oriented randomly in regard to the substrate. SEM studies revealed nanorods 
aligned in the direction perpendicular to the substrate surface for the samples grown on 
GaN/Al2O3 and ZnO substrates, while randomly oriented rods were observed on Si(001) 
substrates. 

 
 
 
 
 
 
 
 
 
 
 
 

To study the localized conductive behavior using C-AFM, contacts were formed on all samples 
using indium solder, and a microscopic Schottky contact was formed between the metalized C-
AFM tip and the sample. Data were acquired using a Veeco Dimension 3100 AFM with Ti/Pt-
coated cantilevers and a current amplifier module with a range of 1 pA to 1 μA. During imaging 
contact-mode topography was acquired simultaneously with C-AFM current images. For I-V 
characterization, the sample bias was ramped from -12 to +12 V. C-AFM measurements revealed 
the rectifying behavior for ZnO rods grown on Si substrate. Figure 16 shows local I-V spectra for 
a single ZnO nanorod on Si 

 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
substrate measured by C-AFM. C-AFM measurements on samples grown on Si substrates with 
patterned Au films showed the absence of long-range in-plane conduction through ZnO nanorods 
indicating that nanorods are electrically isolated from each other.   

 
Spectral structure and intensity of low-temperature PL from ZnO nanorods grown on Si are 
comparable to that from bulk ZnO (see Figure 17a). Band edge-to-deep emission ratio is about 4 
orders of magnitude, slightly varying from sample to sample. Figure 17b shows excitonic 

Si

ZnO

Si

ZnO

 
       Fig. 15: Cross-sectional TEM image of ZnO nanorods grown on Si(001). 

Fig. 16 Local I-V spectra taken 
from the top of a ZnO nanorod 
(curve 1) and of the nanorod 
(curve 2) using C-AFM on ZnO 
sample grown on Si(001) with a 
patterned  gold film. Top panel 
presents contact-mode AFM 
images showing the points 
where the I-V spectra were 
recorded. 
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spectral range for ZnO grown on Si. 15-K PL spectra are dominated by donor bound exciton 
(DBX) lines. Depending on sample morphology, the peak position of dominating line varies 
from 3.353 to 3.355 eV. Similar peak positions were frequently reported for ZnO nanorods 
grown by vapor transport and CVD methods 

   
Variation in PL-line positions can be attributed to strain. Biaxial compressive stress with 
magnitude varying from sample to sample was found from Raman measurements for the samples 
grown on Si. However, relationship between the microstructure of samples and stress needs 
further investigations. The full width at half maximum of the DBX line ranges from 5 to 7 meV   
and its phonon replicas are clearly visible for the samples grown on Si. PL spectra for ZnO rods 
grown on Si and GaN are qualitatively similar (see Figure 12c). For nanorods grown on ZnO 
substrates, the identification of the lines related to nanorods was impossible due to spectral 
overlap with the PL from bulk ZnO. We also observed the stimulated emission in ZnO nanorods 
grown on GaN/sapphire substrate. Time resolved PL measurements show the decay constants for 
all nanorod samples are much higher than typical values for ZnO thin films grown by RF 
sputtering on sapphire, and approach those for a ZnO/Al2O3 sample grown by molecular beam 
epitaxy (MBE), indicating rather high crystal quality of the material. 

 

 
Conclusion: 

 
ZnO nanorods were grown by catalyst-assisted vapor transport on Si(001), GaN(0001)/c-Al2O3, 
and bulk ZnO(0001). Morphology of the ZnO nanostructures grown on Si differs drastically 
from those on GaN and ZnO. Nanorods are vertically aligned on ZnO and GaN substrates, while 
they exhibit random orientation on Si(001). Conductive AFM measurements show rectifying 
behavior of I-V characteristics for ZnO nanorods grown on Si substrate. Low temperature (15-K) 
PL spectra are dominated by donor-bound exciton lines around 3.355 eV with a FWHM of 5-7 
meV. PL decay times measured by time-resolved PL vary from 0.14 ns for the nanorods on GaN/ 
Al2O3 to 0.26 ns on Si. Stimulated emission was observed for nanorods grown on GaN/ Al2O3, 
most likely, due to their better vertical alignment compared to Si substrates. 
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Fig. 17: 15-K PL spectra of ZnO nanorods grown on (a), (b) Si(001) and (c) 
GaN/Al2O3. (a) Wide spectral range and (b) excitonic range. 
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ZnO nanowires electrochemically self assembled 
 
ZnO nanowires were electrochemically self assembled prepared as follows. A 99.997% pure Al 
foil was degreased and electropolished in a solution of perchloric acid, butyl cellusolve, ethanol 
and distilled water to produce a mirror like surface. This film was then washed in distilled water, 
air dried and anodized in 3% oxalic acid at room temperature using a constant anodizing voltage 
of 40 V. The anodization was carried out for several hours to form a thick porous alumina film 
on the surface. This film was stripped off in hot chromic/phosphoric acid and the anodization 
repeated again for 5 minutes to form another porous alumina film of thickness less than 1 μm.  
The two-step anodization process yielded an anodic alumina film with a well ordered array of 50 
nm diameter pores. 
 
The pores were then selectively filled up with Zn using ac electrodeposition in a non-aqueous 
solution. The solution consisted of ZnClO4 (10.5 gm), LiClO4 (2.5 gm) and dimethyl sulfoxide 
(250 ml). The porous film was immersed in the solution and an ac potential of 25 V rms and 
frequency 250 Hz was imposed between the aluminum substrate and a graphite counter 
electrode. The temperature was maintained at 75o C. During the negative cycle of the ac voltage, 
the Zn++ ions in solution were reduced to zero-valent Zn atoms which were selectively 
electrodeposited within the pores since they offered the least impedance path for the ac current 
(displacement current) to flow. During the positive ac cycle, the Zn atoms were not oxidized 
back to Zn++ ions since alumina is a valve metal oxide. Metallic Zn within the pores was then 
oxidized to ZnO by immersion in H2O2 at room temperature for 5 hours. This method is slightly 
different from the technique employed in the literature. A TEM image of an isolated ZnO 
nanowire synthesized by our technique is shown in Fig. 18. 

 

 
 
Fig. 18: TEM image of a single released ZnO nanowire of 50 nm diameter. 
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For PL measurement, the samples were excited by coupling a 50mW HeCd laser emitting at 
325nm to an UV-LabRamHR micro-PL/Raman system from Jobyn-Yvon and the luminescence 
detected with a LN2 cooled CCD detector. The spot size of the exciting beam was 10 μm in 
diameter and the excitation beam was normally incident on the sample surface. The small spot 
size revealed that there is significant inhomogeneity in the samples on the size scale of 10 μm. 
Some regions of the sample do not luminesce well and do not show any phonon replicas, while 
some other regions luminesce brightly and show numerous phonon replicas. We believe that this 
inhomogeneity accrues from the randomness of interface states and defects. Some regions have 
more interface states and defects that provide a route for non-radiative recombination of photo-
excited carriers, which quench the PL, while other regions are relatively defect free and show 
bright PL. If we use a large spot size (2 mm) to illuminate the sample, then we do not observe the 
phonon replicas because of ensemble averaging over many regions that are highly defective. In 
Fig. 14(a) and 14(b), we show the PL spectra of two samples collected from ~ 10 μm regions that 
show bright luminescence and phonon replicas.  
 
The PL spectra in Fig. 19 show a high frequency peak centered at 370 nm wavelength (energy = 
3.31 eV) which is about 60 meV below the room temperature bandgap of bulk ZnO (3.37 eV). 
Since the exciton binding energy in ZnO is ~ 60 meV, we assign this peak to exciton 
recombination. Note that the size of the nanowires is too large to show any blue shift in the PL 
due to quantum confinement.  

 

 
Fig. 19: PL spectra of ZnO nanowires showing numerous phonon replica peaks. The 
energy separation between neighboring peaks is 54 meV which corresponds to the non-
polar high frequency E2 phonon in ZnO. Different peaks are labeled to elucidate their 
origin. The spectra from two different samples are shown. The excitation spot size is 10 
μm. 
 

There is a broader peak centered at a wavelength of 430 nm. This peak, which has the highest 
intensity, is not related to ZnO, but is due to optical transitions in singly ionized oxygen 
vacancies (F+ centers) in the alumina host and its origin has been confirmed by electron 
paramagnetic resonance measurements in the past Unfortunately, this peak masks some of the 
phonon replicas. 
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The phonon replicas, however, are easily discernible. The associated peaks are equally spaced in 
energy with an interval of 54 meV. ZnO has a number of phonon modes. Because bulk ZnO 
typically has a wurtzite crystal structure, the frequencies of both longitudinal optical (LO) and 
transverse optical (TO) phonon modes are split into two frequencies with symmetry A1 and E1. In 
addition, there are two non-polar phonons with symmetry E2. The low frequency E2 mode is 
associated with vibrations of the Zn sub-lattice and the high frequency E2 mode is caused by 
vibration of oxygen atoms.  

 
The high frequency E2 phonon has an energy of 54 meV which matches the energy spacing 
between the peaks we observe. Therefore, we ascribe the phonon replicas to transitions involving 
this phonon. Normally, one observes phonon replicas associated with polar LO phonons in ZnO. 
Phonon replicas associated with the non-polar E2 phonon has never been observed before, and to 
our knowledge, no observation of phonon replicas have been reported in ZnO nanostructures.  
 
Phonon replicas appear in PL spectra when photogenerated electrons and holes (or excitons) 
recombine by simultaneous emission of phonons and photons. The excited electron first emits 
one or more phonons to decay to a lower energy level, and from there it emits a photon to decay 
to the valence band and recombine with a hole. The initial phonon emissions require that the 
electrons couple strongly with phonons. Since ZnO is a polar material, we expect the Fröhlich 
coupling with polar LO phonons to be particularly strong. However, we find that at least in the 
nanowires, the photogenerated carriers interact more strongly with the non-polar E2 phonon via 
deformation potential coupling. This is a surprising result that needs further theoretical 
exposition. 
 
The data in Fig. 19 also show that the n-phonon peak (n ≠ 0) is more intense than the zero-
phonon peak. One possible explanation for this odd behavior is a resonance effect. Resonant 
enhancement of phonon replicas have been observed before in quantum dots. It is possible that 
the deep levels in the ZnO nanowires, which are responsible for the green emission band, merge 
to form an impurity band in the bandgap. The electron first decays non-radiatively to this band 
by emitting one or more E2 phonons and then decays to the valence band radiatively to 
recombine with a hole. If the efficiency of radiative recombination from certain states in the 
impurity band exceeds that of the direct exciton recombination, then we will expect the n-phonon 
peak (n ≠ 0) associated with these “high efficiency states” to be more intense than the zero 
phonon peak. This situation is illustrated in Fig. 20.  

 
 

In conclusion, we have observed numerous phonon replicas in the PL spectrum of ZnO 
nanowires which are associated with the high frequency non-polar E2 phonon mode caused by 
vibration of oxygen atoms. Our results show that there is strong deformation potential coupling 
between photoexcited electrons and non-polar E2 phonon modes in ZnO nanowires, even though 
ZnO is a strongly polar material. This is an unusual result that can shed new light on the nature 
of electron-phonon coupling in nanostructures. 
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Fig. 20: Energy diagram explaining why the n-phonon peak can be more intense than the 
zero-phonon peak. The quantity ħω is the energy of the E2 phonon. The vertical straight 
arrows indicate radiative recombination processes and the curved arrows indicate non-
radiative phonon-assisted decay. The thicknesses of the straight arrows correlate with the 
efficiencies of the corresponding radiative recombination process. 
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Mn clusters are possible hosts for spin qubits 
 

We investigated the magnetic properties of Mn5 and Mn6 clusters to investigate the magnetic 
moment and the effect of spin canting. The studies included the investigation of both collinear and 
non-collinear arrangements. It was shown that while the atomic structure of the ground state of Mn5 
is a triangular bipyramid, the collinear and non-collinear arrangements have comparable energies 
and hence are degenerate. For Mn6, while the ground state has a square bipyramid arrangement, the 
non-collinear configuration is most stable making it the smallest cluster to feature a non-collinear 
ground state. The results were discussed in view of the recent experimental Stern-Gerlach profiles. 
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